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Abstract 

Small near-Earth objects (NEOs) ~50-150 m in size are far more numerous (hundreds of thou- 
sands to millions yet to be discovered) than larger NEOs. Small NEOs, which are mostly 
asteroids rather than comets, are very faint in the night sky due to their small sizes, and are, 
therefore, difficult to discover far in advance of Earth impact. Eurthermore, even small NEOs 
are capable of creating explosions with energies on the order of tens or hundreds of megatons 
(Mt). We are, therefore, motivated to prepare to respond effectively to short warning time, 
small NEO impact scenarios. In this paper we explore the lower bound on actionable warning 
time by investigating the performance of notional upgraded Intercontinental Ballistic Missiles 
(ICBMs) to carry Nuclear Explosive Device (NED) payloads to intercept and disrupt a hypo- 
thetical incoming NEO at high altitudes (generally at least 2500 km above Earth). We conduct 
this investigation by developing optimal NEO intercept trajectories for a range of cases and 
comparing their performances. Our results show that suborbital NEO intercepts using Minute- 
man III or SM-3 IIA launch vehicles could achieve NEO intercept a few minutes prior to when 
the NEO would strike Earth. We also find fhaf more powerful versions of fhe launch vehicles 
(e.g., fofal AV ~9.5-l 1 km/s) could infercepf incoming NEOs several hours prior fo when fhe 
NEO would sfrike Earfh, if launched af leasf several days prior fo fhe lime of infercepf. Ei- 
nally, we discuss a number of limiting factors and praclicalifies fhaf affecl whefher fhe nofional 
sysfems we describe could become feasible. 

I. Introduction 

Earfh has a well-documenled hislory of impacl by asleroids and cornels fhaf were sufficienlly energetic, 
in lerms of mass and impacl velocily, to cause significanl damage ranging from local or regional devaslalion 
fo mass exlinclions. Such asleroids and cornels, whose orbifs approach or cross Earlh’s orbil, are designaled 
near-Earlh objecls (NEOs). Al presenl Ihere are al leasf lens of Ihousands of undiscovered NEOs larger lhan 
100 m in diameter, and likely hundreds of Ihousands or even millions of undiscovered NEOs smaller lhan 
100 m in diameter. Any of Ihem may be found to be on a collision course wilh Earlh and, Iherefore, require 
a planelary defense mission to deflecl or deslroy il prior to Earlh impacl. Our currenl NEO detection and 
fracking programs are making significanl slrides in discovering NEOs and monitoring Iheir orbils for fulure 
Earlh impacls to provide advance warning of any Ihreals. 

'This research has been supported by a NASA Innovative Advanced Concept (NIAC) Phase 2 project, with a NASA Grant and 
Cooperative Agreement Number NNX12AQ60G 
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However, deteeting Earth-impaeting NEOs in advanee is only one part of the solution. Early detention is 
not of mueh help unless we have well-tested and proven systems ready to be used against the ineoming NEO. 
Towards this end, we have been engaged in a NASA Innovative Advaneed Coneepts (NIAC) Phase 2 study 
entitled “An Innovative Solution to NASA’s NEO Impaet Threat Mitigation Grand Challenge and Elight 
Validation Mission Arehiteeture Development.” In this researeh effort we have been developing designs 
for the Hyperveloeity Asteroid Intereept Vehiele (HAIV), along with designs for missions (to harmless 
NEOs) during whieh the HAIV eould be tested, refined, and, ultimately, made ready for aetion against 
aetual ineoming NEOs on Earth-impaeting trajeetories [1^]. 

One aspeet of our researeh has been the development of ineoming NEO response timelines, with an 
emphasis on assessing the minimum amount of warning for whieh a spaeeeraft mission eould eredibly be 
made ready and launehed to intereept a NEO. This has led us to eonsider ultra-short warning seenarios for 
whieh the ineoming NEO is not deteeted until less than 24 hours before its Earth impaet. The purpose of 
eonsidering sueh an ineredibly short warning times is to help us establish a lower bound for the warning 
time through investigation of these highly stressing eases. 

Our line of inquiry has praetieal applieations beyond the assessment of lower bounds on aetionable NEO 
warning time, in the sense that ultra-short warning seenarios are, in faet, realistie situations that will likely 
have to be dealt with in praetiee. At present we have no spaee-based NEO survey teleseopes, despite the faet 
that seientists and engineers in the NEO eommunity have repeatedly artieulated the need for one [5]. The Jet 
Propulsion Eaboratory (JPE) has proposed its NEOCam eoneept^, while the B612 foundation is attempting 
to fund the development of their Sentinel teleseope eoneept with private donations^. A new ground-based 
system, the Asteroid Terrestrial-impaet East Alert System (ATEAS), is eurrently under development and is 
seheduled to eommenee full-seale operations in early 2016. ATEAS should be able to provide approximately 
3 weeks of warning for an ineoming 100 m NEO, and 2 days of warning for an ineoming 10 m NEO^. 

With only ground-based observation eapabilities, we eannot observe NEOs in the sunward direetion and 
are therefore blind to NEOs on sueh approaeh trajeetories. This was demonstrated speetaeularly by the 
impaet and detonation of a ~20 m NEO approximately 30 km above the eity of Chelyabinsk in Russia. 
There was no warning of the NEC’s approaeh, and its airburst detonation released approximately 500 kt of 
energy. The resulting shoek wave shattered windows throughout the eity, eollapsed some building roofs, 
and injured approximately 1500 people^. Prior to this event, the NEO 2008 TC 3 was the first to be deteeted 
prior eolliding with Earth. The approximately 4 m size NEO was deteeted approximately 20 hours before 
impaeting the Earth and exploding high in the atmosphere over Sudan^. The only other instanee of a NEO 
being deteeted prior to Earth impaet is the NEO designated 2014 AA, an approximately 2-A m objeet that 
entered Earth’s atmosphere approximately 21 hours after being diseovered on January 2014^. Earth is 
typieally struek by NEOs several meters in size a few times eaeh year. 

Even when NEOs are not approaehing from the sunward direetion, small NEOs (being very faint in the 
night sky due to their small size) are diffieult to deteet and so we may, therefore, have relatively little warning 
of the approaeh of a small NEO that is still sizable enough to eause damage to people and infrastrueture on 
Earth’s surfaee. Small (e.g., <100 m diameter) NEOs are far more numerous than larger NEOs, and so one 
of the most likely NEO threats we faee is that posed by a ~50-150 m diameter NEO on an Earth-impaeting 
trajeetory that is not deteeted until shortly (hours, days, or perhaps a few months) before Earth impaet. We 
are motivated to deal with sueh relatively small NEOs beeause the energies they are eapable of delivering are 
not trivial. The aforementioned Chelyabinsk impaetor was only ~20 m in size but delivered approximately 
500 kt of energy. It detonated relatively high above the ground beeause of its very shallow atmospherie 

^See http : / /neocam. ipac . caltech . edu/, last accessed 2014-06-04 

^See https : / /b612foundation . org/sentinel-mission/overview/, last accessed 2014-06-04 
"'See http://fallingstar. com/how_atlas_works . php, last accessed 2014-06-04 
^See http : / /en . wikipedia . org/wiki/Chelyabinsk_meteor, last accessed 2014-06-04 
®See http : / /neo . jpl . nasa . gov/news/2008tc3 . html, last accessed 2014-06-04 
’See http://neo.jpl.nasa. gov/news /news 1 82a . html, last accessed 2014-06-04 
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entry angle, but if it had entered at a steeper angle, the damage to the ground would have been mueh worse. 
Under some general assumptions for NEO density, impaet veloeity, impaet angle, and atmospherie entry 
behavior, NEOs 20-85 m in diameter are expeeted to ereate 230 kt to 28 Mt airbursts, and NEOs 100-150 
m in diameter are expeeted to impaet the ground with energies between 47 and 159 Mt^. 

In this paper we foeus on a hypothetieal assessment of what eould be done to aet against ineoming NEOs 
with only a few hours or a few days of warning time, from intereept trajeetory design and launeh vehiele 
payload eapabilities viewpoints. Current anti-ballistie missile (ABM) teehnology eould be adapted for use 
against NEOs. The United States has deployed Ground Based Intereeptor (GBI) missiles that are launehed 
from silos and ean intereept an enemy missile in the mideourse phase of flight with an Exoatmospherie 
Kill Vehicle (EKV). SM-3 missiles have a similar capability and are designed to be launched from ships. 
The higher altitude and larger payload requirements for a suborbital NEO intercept are beyond current 
GBI missiles. However, Intercontinental Ballistic Missiles (ICBM)s, such as the Minuteman III, do have 
adequate launch mass capability. In this paper, we assume that the Minuteman III based interceptor will be 
able to deliver a HAIV payload into a precision intercept trajectory against an incoming NEO. The HAIV 
system includes a Nuclear Explosive Device (NED) for the purposes of disrupting the NEO into a large 
number of small fragments. 

In short warning time situations, when we don’t have sufficient mission lead time to achieve large orbital 
dispersion of NEO fragments, full neutralization of the NEO impact threat is infeasible because most of 
the fragments will still strike Earth. However, if the NEO is fractured or fragmented into sufficiently small 
pieces prior to reaching Earth’s atmosphere, each of those small pieces will break up sooner and the resulting 
airbursts will occur at safer (higher) altitudes. Thus, one way to frame the goal of a suborbital NEO intercept 
and fragmentation mission is that goal is essentially to reduce the probable impact damage of a 50 m NEO 
to be no greater than the damage level of several Chelyabinsk-like events. 

II. Ideal Optimal Intercept 


A, Problem Formulation 

NEOs are on hyperbolic trajectories with respect to the Earth because they occupy heliocentric orbits and 
are not in captured orbits about the Earth. Eor a given hyperbolic NEO trajectory that intersects the Earth 
and a fixed launch site on Earth, the goal is to determine the optimal suborbital intercept trajectory. The 
performance of the missile is limited to its available total AU. The criterion for optimal intercept is defined 
as the maximum altitude of intercept from a fixed launch position on Earth. Because the NEO is on a 
hyperbolic Earth encounter trajectory, maximum altitude is equivalent to earliest intercept. 

Our preliminary conceptual NEO intercept study consists of the following elements and assumptions: 

• Orbital elements of the target NEO at acquisition are assumed to be exactly known; 

• The interceptor missile begins its flight from a few known locations on Earth’s surface (defined by 
latitude and longitude relative to the Earth-Centered Inertial (ECI) frame); 

• Each interceptor missile’s performance is simply characterized by its available AU ; 

• The Earth is assumed to be a rotating sphere with negligible atmosphere; 

• Each missile launches from Earth’s surface with a single impulse (a multi-stage rocket model may be 
used in a future study)^; 

• Restricted two-body orbital dynamics are assumed. 

*See http : //en . wikipedia . org/wiki/ Impact_event, last accessed on 2014-06-04 

®As an example, the bum time for the optimal example shown herein is 187 seconds, while the total time of flight is 1394 
seconds. Thus, the impulsive AU assumption used in this study is justifled. 
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1. Coordinate System 


The NEO trajectory, interceptor trajectory, and positions on Earth’s surface (of launch sites) are defined with 
respect to the ECI reference frame, shown in Eigure 1(a). The time, distance, and speed units used here are 
seconds (s), km, and km/s, respectively. Eor nomenclature purposes, a subscript T refers to the target NEO, 
and a subscript M refers to the missile. 




(b) Earth’s surface relative to the ECI frame. 


Figure 1. Relevant problem parameters in the ECI frame. 


Because the vectors are defined wifh respecf fo fhe ECI frame, if is nof necessary fo correlafe fhe problem 
fo a specific sidereal lime. Insfead, we assume fhal fhe prime meridian is aligned wifh fhe vernal equinox 
direcfion af fhe moment of interceptor launch. This makes it convenient to map the surface longitude to the 
ECI frame without having to calculate sidereal time. Eigure 1(b) shows the orientation of the Earth’s surface 
with respect to the ECI frame. The latitude and longitude positions are transformed into ECI position vectors 
as follows: 

r = R cos 0 cos '0/ + R sin 6 cos ipJ + R sin i/jK (1) 

where 9 is longitude, if; is latitude, R = 6378. 15 km is the radius of the Earth, and I, J, and K comprise the 
ordered orthonormal basis vector triad for the ECI frame axes. 

2. Time Frame 

The NEO intercept scenario is independent of time. The timing of the major events such as target acquisition, 
missile launch, and intercept are all relative to an arbitrary time of impact. Each point in time is measured 
in seconds until impact. The times are identified using subscripfs as described in Table 1 . 


Table 1. Event time nomenclature. 


Symbol 

Definition 

fo 

Time of Target Detection 

ti 

Time of Intercept Missile Eaunch 

t2 

Time of Intercept 

fa 

Time of Predicted Earth Impact 


4 of 16 



3. Target Orbit 


The NEO’s trajectory, hyperbolic with respect to the Earth, is defined in terms of the geocentric orbital 
elements at the time of acquisition (i.e., when the NEO is detected and its state is known). The acquisition 
time is arbitrary for this problem, but we assume that at the time of acquisition the NEO is beyond the range 
of any missile but inside the Earth’s gravitational sphere of influence (~ 1,000,000 km). Eor fhe example 
problem in fhis paper, fhe largel NEO orbif is designed such fhaf if impacfs fhe easf coasf of fhe Unifed Sfafes 
wifh an incidence angle of 53.73° (measured from verfical) and an impacf velocify of 14.933 km/s; fhese 
values are typical for Earfh-impacfing NEOs. 


B. Technical Approach 

1. Equations of Motion 

The infercepfor missile and fhe NEO are freafed as poinf masses for which fhe governing dynamics are: 

T=V (2) 


ty = - 


ixr 

1^3 


( 3 ) 


where r and V are fhe posifion and velocity vecfors of fhe poinf mass, and ^ is fhe gravifafional paramefer of 
Earfh (3.986 x 10^ km^/s^). The posifion and velocify are relafed fo fhe semi-major axis of fhe orbif fhrough 
fhe vis- viva equation and fhe equation of orbif, according fo 


2 r 2a 


( 4 ) 


o(l — e^) 

r = 

1 -|- e cos V 

where a is fhe semi-major axis, e is fhe eccenfricify, and u is fhe frue anomaly. 


( 5 ) 


2. Optimization 

The opfimal suborbifal infercepf of an NEO from a fixed launch site is found by maximizing fhe alfifude of 
infercepf. The high alfifude will limif any effecls on Earfh due fo fhe nuclear explosion and give fragmenfs 
more time fo disperse. The opfimal orbif will ufilize fhe full AV available fo fhe missile, and accounf for 
fhe addifional speed provided by fhe Earfh’s rofafion. There are only fwo free variables fhaf defermine fhe 
suborbifal frajecfory: fhe lime-of-inlercepl (TOI), measured as seconds unfil impacf, and fhe fime-of-flighf 
(TOE) of fhe missile. We will show fhaf fhere is a unique opfimal solution for fypical infercepf scenarios. 


3. Accounting for the Rotation of Earth 

The Earfh’s easfward rofafion essentially provides a AV boosf fo fhe interceptor, allowing if fo reach a higher 
alfifude. The speed af fhe equafor (in unifs of km/s) is esfimafed as 


Ve 


27tR 

24 X 3, 600 


0.4638 


( 6 ) 


The speed of fhe Earfh’s surface in fhe ECI frame is dependenf only on fhe lafifude and longifude of fhe 
launch sife. The inerfial velocify vecfor of fhe launch sife, Vl is found as 


Vl 


—Ve sin 6 cos fl + Ve cos 6 cos fJ 
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(V) 



Apogee 



Figure 2. Intercept orbit diagram. 


The velocity vector due to rotation at the launch site (Vl) is added to the burn-out velocity vector of the 
booster (Vbo) to obtain the initial velocity of the missile {V{) as 

= Ho + (8) 


4. Determining Target NEO Position and Velocity as a Function of Time 

The position of the NEO in the ECI frame must be known at any given point in time. Erom the orbital 
elements of the NEO at the acquisition point, the initial perifocal frame position and velocity vectors, fi 
and Vl, are calculated and transformed into the ECI frame. Eor a given TOE of the NEO, the position at that 
time can be found by solving Kepler’s TOE equation in reverse. 


t 2 — ti = ~~ [(esinhTfi — H\) — (esinhTf 2 — H 2 )] 

where H is the hyperbolic eccentric anomaly and is related to the true anomaly (v) by 


(9) 


tanh — = , , 

2 V e + 1 


e — 1 Oi 
tan — 
2 


( 10 ) 


5. Lambert Solver 

Using the known positions of the launch site and the NEO at a given time t 2 (the time of intercept), along 
with the missile TOE, the required initial velocity vector for the missile can be found by solving Eambert’s 
problem. The Eambert solver used in this paper is a slightly modified version of the universal variable 
method described in Ref. 6. This represents the open-loop guidance that is central to the optimization 
scheme. 

6. MATLAB® Optimization Routine 

The solver used to find fhe opfimal solufion is fhe fmincon funcfion available in fhe MATEAB® Opfi- 
mizafion Toolbox, fmincon is a consfrained nonlinear mulfivariable minimizafion roufine. There are fwo 
independenf variables involved: TOE and TOT Bofh variables are given upper and lower bounds fo keep 
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the solver from testing unreasonable points. An interior set point is ehosen within the seareh window as 
the starting point. A eonstraint is plaeed on the solution sueh that the required AV is not permitted to 
exeeed the maximum AV" available to the missile. The NEO’s altitude deereases monotonieally with time 
because the NEO is on a hyperbolic trajectory with respect to the Earth. Thus, maximizing TOI is equivalent 
to maximizing intercept altitude. A graphical representation of an example search window is presented in 
Eigure 3. Each of the contours is a line of constant AV required for intercept. Eor each AV curve, there 
is one TOE at which TOI is a maximum. This is the unique solution point for the AV at which intercept 
altitude is maximized. The locus of the optimal altitude intercepts is shown on the graph, as well as the set 
of intercepts for which the interceptor reaches the target NEO at apogee. It is interesting to note that the 
optimal intercept solution follows a nearly linear trend. 

C. NEO Intercept Examples 

Several example intercept scenarios and solutions are presented herein. Eor these examples, the NEO is 
discovered heading toward the east coast of the United States less than 1 1 hours before impact. The orbital 
elements of the target NEO are provided in Table 2. Interceptors based on the Minuteman III and the 
SM-3 Block IIA will be launched from silos at Minot Air Eorce Base (AEB), North Dakota. The maximum 
intercept altitude for each vehicle will be compared. Because the smaller SM-3 can be launched from a ship, 
an SM-3 will be launched from a position in the Gulf of Mexico. This is intended to show how positioning 
the launch site directly beneath the NEO’s path can increase the intercept altitude. 

1. Interceptor Characteristics 

The Minuteman III and SM-3 Block IIA have a AV capability of 6.6 km/s and 5.5 km/s at burnout, re- 
spectively^*^. They are launched from a silo field in North Dakota with coordinates 48.5° N, 101.4° W. Eor 
clarity, these interceptors will be referred to as interceptors A and B, respectively. Interceptor C will be a 
SM-3 Block IIA launched from a ship located at 25° N, 90° W. 


Table 2. Target orbital elements. 


Orbital Element 

Value 

a 

-4067.1 km 

e 

2.154 

i 

59° 

n 

256° 

u 

100° 

vq 

243.4° 


2. Results 

Interceptor A reaches the highest intercept altitude of 2,625 km. Both of the smaller SM-3 missiles are able 
to achieve intercept, but at lower altitudes. Details of the intercept results are presented in Table 3. Eigure 4 
shows the NEO’s path and the three interception trajectories relative to Earth. Interceptor C is launched 

'®Estimate of SM-3 Block IIA performance obtained from http://www.fas.org/pubs/pir/2011winter/ 
2011Winter-Anti-Satellite.pdf, last accessed on 2014-06-12. Estimate of Minuteman III performance ob- 
tained from http://www.fas.org/nuke/guide/usa/icbm/lgm-30_3.htm and http : //www . astronautix . 
com/lvs/mineman3 . htm, both last accessed on 2014-06-12. We derive conservative performance estimates from those 
sources. 
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Figure 3. AV^ contour across interceptor launch window. 


from a point nearly directly beneath the NEO’s path and, therefore, can reach a higher intercept than the 
same vehicle launched from further away. Due to the unpredictable nature of NEO impacts, however, it 
would not always be practical to move the launch site on short notice or have many launch sites around the 
country. Increasing the AV performance of the booster vehicle is much more effective, as will be discussed 
presently. The Minuteman III has 16.7% higher AV than the SM-3 used in this example, yet it can achieve 
intercept at 50% higher altitude when launched from the same location at the same target. 


Table 3. Optimal Intercept Parameters 


Interceptor 

A 

B 

C 

Vehicle 

Minuteman III 

SM-3 IIA 

SM-3 IIA 

AV (km/s) 

6.6 

5.5 

5.5 

Eaunch Site 

48.5°N 101. 5°W 

48.5°N 101. 5°W 

25°N 90°W 

Impact Altitude (km) 

2,625 

1,269 

2,044 

Time Until Impact at Intercept (s) 

264 

133 

209 

Time of Elight (s) 

1341 

971 

817 

Intercept Closing Speed (km/s) 

14.2 

14.4 

13.7 


III. Planetary Defense Domes 

For the purposes of planetary defense planning it is important to choose launch sites that maximize 
coverage of critical areas. The Minuteman III has sufficient range to protect most of North America if 
the silo location is chosen carefully. Assuming that intercept must occur above 1,000 km altitude to be 
reasonably safe, Eigure 5 shows example defense coverage areas for the following three launch sites: Minot 
AFB in North Dakota, Vandenberg AFB in California, and Cape Canaveral in Florida. 

All of these sites are already used for testing/deployment of missiles, and together they create a fairly 
even spread of coverage across the entire continent. It should be noted that a simplified model was used 
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Figure 4. Ideal optimal intercept trajectories. 



Figure 5. Planetary defense domes. 
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Figure 6. Planar ballistic intercept for uniform gravity case. 


to compute the defendable area for each site. The domes in Figure 5 are terminated at the apogee of the 
interceptor, creating a more conservative estimate of their range. This is roughly equivalent to being within 
the magenta ellipse in the 2-D special case shown in Figure 6, which will be discussed presently. The actual 
useful range of each missile site is thus larger than shown in Figure 5. 

IV. Special Cases 


A. Uniform Gravity Case 

An example with uniform gravity is included here to show that a unique optimal solution is possible in a 
simple case, and that the optimal trajectory does not necessarily involve NEO intercept at the interceptor’s 
apogee. The missile is launched from a flat surface in an airless uniform gravity field in the same plane 
as the NEO. Thus, both the NEO and interceptor have parabolic trajectories. The NEO trajectory, missile 
launch site, and missile AV are fixed. The launch angle is varied to show all possible trajectories for the 
interceptor. Eigure 6 shows the possible paths of the missile. The magenta ellipse represents the locus of the 
apogees for the interceptor paths. The inset in Eigure 6 clearly shows that the maximum altitude intercept 
occurs outside of the magenta ellipse, meaning the missile will reach apogee before coming down to meet 
the NEO. This may seem counter-intuitive, but similar situations occur in most cases of Keplerian orbits as 
well. 

B. Coplanar Intercept 

A slightly more realistic case than the uniform gravity case is presented here. Two-body Keplerian dynamics 
are used, but the NEO’s path and the missile’s trajectories are restricted to Earth’s equatorial plane. As with 
the uniform gravity case, the NEO’s path is constant and the AV capability of the missile is fixed. Eigure 7 
displays the optimal trajectories for several launch sites. The data in Eigure 7 show that intercept at apogee 
case is not necessarily optimal. 

C. Late Intercept Solutions 

After the optimal launch time for a certain target and interceptor configuration has passed, it is still possible 
to achieve intercept, albeit at a lower altitude. The launch time window for post-optimal solutions is bounded 
by the optimal launch time and the latest possible launch time for which intercept is still possible. The 
latter bound is equivalent to the minimum- TOE ballistic trajectory between the launch site and the target 
impact site. Eor every post-optimal launch time, ti, there is a unique intercept trajectory that maximizes 
altitude. It can be shown that the maximum altitude possible for intercept decreases monotonically with 
later t\ . Therefore, the best time to launch after the optimal t 2 has passed is as soon as possible. Because 
ti is considered fixed for each trajectory calculation, we must vary TOE to obtain the earliest possible 
intercept. Eigure 8 shows the locus of solutions across the post-optimal solution window. This plot was 
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Figure 7. Two-body planar ballistic intercept. 


generated using Interceptor A from the above example. The maximum time to impact at intercept on the in 
Figure 8 represents the actual optimal solution. This calculation also serves to validate the original algorithm 
described in this paper, as both calculations result in the same optimal trajectory for the Interceptor A 
example. Figure 9 shows a sampling of post-optimal trajectories. The leftmost trajectory is the optimal 
solution, and the rightmost trajectory is the “last chance” solution. 

V. High AV Interceptors 

In this section, interceptors with higher AV performance are considered as summarized in Table 4. 
Firstly, the Minotaur V launch vehicle with five solid fueled stages can launch a 300 kg payload with a AV 
of 9.5 km/s. This is much greater than the Minuteman III considered earlier, however the Minotaur V must 
be assembled on a launch pad and cannot be launched from a silo. The second case to consider is a fictional 
booster vehicle that can deliver the interceptor to nearly the moon’s mean orbit radius of 384,000 km. The 
NEO’s trajectory and launch site are kept the same as in the previous example. 


Table 4. High AV intercept scenarios. 


Vehicles 

Minotaur-V 

Fictional Booster 

AV (km/s) 

9.5 

11.12 

Launch Site 

48.5°N 101. 5°W 

48.5°N 101. 5°W 

Impact Altitude (km) 

15,101 

393,620 

Time Until Impact at Intercept (s) 

1,388 

38,623 

Time of Flight (s) 

5,779 

414,030 

Time of Flight 

1.6 hrs 

4.79 days 
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Figure 8. Late intercept solution window. 



Figure 9. Late intercept trajectories. 
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It should be noted that the fietional booster approaehes a parabolie eseape orbit, although it remains a 
suborbital ttajeetory. Beeause of this, the results are very sensitive to small ehanges in AV. The Minotaur 
V ean reaeh the NEO at an altitude nearly 5 times higher than the Minuteman III, and the intereept altitude 
inereases exponentially with inereasing launeh AV. The time of flight is a limiting faetor here. For the 
ease of the fietional booster, intereept oeeurs 10 hours before impaet, but the intereeptor must be launehed 
nearly 5 days before impaet. The important point illustrated by these examples is that a small improvement 
in AV leads to a proportionately large inerease in intereept altitude. The AV improvement ean be aehieved 
by using a larger booster or redueing the payload mass. 

VI. Other Launch Vehicle Options 

Although the Minuteman III ICBM is the primary example eonsidered in this paper, it does not represent 
the only viable option for last-minute suborbital asteroid intereeption. This seetion looks at some of the 
alternatives provided in Tables 5 and 6. The list is limited to aetive or reeently deaetivated boosters that ean 
launeh at least a 300 kg payload into LEO, and large ICBMs. Liquid fueled launeh vehieles are exeluded 
from the list, as they require a more eomplieated and time-eonsuming fueling proeedure that may not be 
eompatible with a short warning launeh. It is important to note that if there is enough time to assemble 
a large roeket on a pad before launehing the intereeptor, sending the intereeptor into a parking orbit will 
generally be more effeetive than a purely suborbital intereept mission. 


Table 5. Non-ballistic missile options. 


Vehiele 

Stages 

Country 

Platform 

Payload to LEO (kg) 

Minotaur I 

4 

US 

Launeh Pad 

580 

Minotaur IV 

4 

US 

Launeh Pad 

1735 

Minotaur V 

5 

US 

Launeh Pad 

532 (GTO) 

Pegasus 

3 

US 

Air Launeh 

443 

Shavit 

3 

Israel 

Launeh Pad 

350 

Start- 1 

4 

Russia 

Launeh Pad 

532 

Taurus/ Antares 

4 

US 

Launeh Pad 

1320 


Table 6. Ballistic missile options. 


Vehiele 

Stages 

Country 

Platform 

Burnout Veloeity (km/s) 

Throw-Weight (kg) 

Minuteman III 

3 

US 

Silo 

6.6 

1150 

Peaeekeeper 

4 

US 

Silo 

6.7 

3950 

Trident II 

3 

US 

Submarine 

6.3 

2800 

R-36 

3 

Russia 

Silo 

~7.0 

8800 

GBI 

4 

US 

Silo 

6.0 

~ 100 

SM-3 

4 

US 

Ship 

5.5 

~ 100 


Both eonventional launeh vehieles and ballistie missiles are listed in Tables 5 and 6, along with a eom- 
parison of performanee. An estimate of the payload to LEO is given for eaeh launeh vehiele, and an estimate 
of the burnout veloeity and throw weight is given for the ballistie missiles. While not speeifie to a subor- 
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bital intercept mission with a 300 kg payload, these numbers provide a rough comparison of performance 
between the vehicles. 


VII. Practical Considerations and Limitations 

A. Fragmentation and Airbursts 

For any scenario in which suborbital intercept is the only option, it is unlikely that such an intercept will 
result in complete neutralization of the NEO. In such close proximity to the Earth, most, if not all, frag- 
ments will still strike the Earth. Similarly, any attempt to completely disrupt a large NEO would require 
a prohibitively large nuclear payload that would itself be dangerous to the Earth. Eor those reasons, the 
method of defense described herein is only effective against smaller (~50-150 m) NEOs. In the scope of 
the problem considered herein, however, we have assumed that large NEOs are more likely to be discovered 
relatively far in advance of their Earth impact dates; consequently, small NEOs are the most probable threat 
and are, therefore, focused on in this paper. NEOs much smaller than 50 m may break up in the atmosphere, 
depositing at most a shower of less dangerous fragments. However, the events at Tunguska in 1908 and 
Chelyabinsk in 2013 both provide evidence that large airbursts over land are capable of causing significant 
damage. On the other hand, a fragmented or fractured asteroid will tend to break up at a higher altitude, 
which would limit the damage caused by low-altitude airbursts. 

B. EMP Effects 

The US and USSR both experimented with high altitude (400 to 500 km) nuclear detonations during the 
1960s. It has been found that smaller yields and sufficiently high altitudes limit the effects on the ground. 
Additionally, we may be able to appropriately shape an NED explosion such that most of the explosion 
energy is directed toward the target NEO and away from the Earth. However, the possible EMP effects on 
both the ground and Earth-orbiting satellite infrastructure must be investigated further. 

C. Launch Vehicle Mission Planning Issues 

The entire ascent flight of a launch vehicle from lift-off to the final largel poinf in space basically consisfs 
of fwo phases: fhe afmospheric (or endoafmospheric) ascenf and fhe vacuum (or exoafmospheric) ascenf. 
Mosf launch vehicles are operated in open-loop guidance mode (buf, obviously, in closed-loop llighf confrol 
mode) during fhe afmospheric ascenf fiighf. Thaf is, launch vehicle guidance commands for achieving 
opfimal flighl frajecfories are pre-compufed in pre-mission planning. They are updafed using fhe day-of- 
launch wind profile prior fo launch, loaded info fhe launch vehicle guidance compufer, and fhen used as 
pre-programmed guidance commands in acfual ascenf fiighf. Trajectory opfimizafion fools are used to pre- 
compufe optimal ascenf frajecfories for various fiighf conditions and pafh consfrainfs. 

Once a launch vehicle reaches an alfifude of approximately 50 km or above, where fhe afmospheric 
effecfs can be ignored, fhe vehicle is fhen operated in closed-loop guidance mode for ifs exoafmospheric 
ascenf. Eor example, fhe Space Shuffle was operafed in open-loop ascenf guidance mode for fhe powered 
firsf sfage (ascenf fiighf wifh fhe solid rockef boosfers). The powered second sfage (after solid rockef booster 
jellison) utilized a closed-loop guidance algorifhm for ifs exoafmospheric ascenf. 

The open-loop guidance during fhe afmospheric ascenf is nof capable of autonomously adapfing fo 
significanf off-nominal flighl condilions. Pre-mission planning for generafing opfimal ascenf frajecfories has 
been known to be an exlremely lime-consuming and labor-inlensive process. Consequenlly, rapid generation 
of opfimal ascenf frajecfories and aulonomous/adaplive closed-loop afmospheric ascenf guidance have been 
a research lopic of praclical inleresl for many decades [7-1 1]. Advanced ascenf guidance technology needs 
to be furlher developed for operationally responsive launch vehicles required for planelary defense wifh very 
shorl warning times (e.g., 1 to 24 hours). 
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VIII. Future Work 


As described previously, the primary purpose of this work is to begin understanding the most rapid 
launch response that might be possible against an incoming NEO, from a trajectory optimization perspective. 
However, the investigation undertaken towards that end has also led us to identify an array of topics that 
ought to be pursued in future work, if further development of the suborbital NEO intercept concept is 
pursued; such development is not currently within the scope of our Phase 2 NIAC study. The following is a 
summary of the key future work items identified: 

• NED yield sizing for properly fragmenting ~50-150 m NEOs of various types, structures, etc. 

• Eimiting cases for the sizes/types of NEOs for which a suborbital disruption attempt would be likely 
to be effective in reducing the negative effects on Earth. That is, if the incoming NEO is larger than 
a certain size, it may be that a disruption attempt would not be effective, produce an undesirable 
outcome, or require a NED that is too energetic to detonate near Earth. 

• Examination of all effects on Earth (and Earth-orbiting satellite infrastructure) due to NED detonation 
at altitudes of 2500 km or higher. 

• How quickly a dedicated launcher (e.g., silo-based) could actually be made ready for deployment dur- 
ing a very short warning time incoming NEO scenario, accounting for all logistical and programmatic 
factors. 

• Precision guidance for ascent and the terminal phase of intercept. As noted in the results presented 
herein, the velocity of the interceptor relative to the NEO at intercept is on the order of 14 km/s, which 
poses a very challenging hypervelocity guidance, navigation, and control problem, especially when 
aiming at a relatively small NEO. 

• Effects of realistic navigation and orbit determination errors (e.g., unavoidable errors in knowledge of 
the NEO’s orbit and knowledge of the interceptor’s state as a function of time). 

• Assessment of NEO interception performance achieved when the interceptor begins in Earth orbit 
rather than on Earth’s surface, and comparison to the results we have presented herein. 

• Analysis of the minimum time required (starting from NEO threat detection/confirmation) to prepare 
an interceptor for launch via a spacecraft launch vehicle (instead of a silo-based booster), includ- 
ing interceptor vehicle development/preparation, testing, launch vehicle preparation and integration, 
etc. This analysis would be timely and interesting, because typical spacecraft development schedules 
require 4 to 6 years from the start of development until launch. 

IX. Conclusions 

In this paper we have examined suborbital intercept of small (~50-150 m) NEOs with very short warn- 
ing time. The ideal optimal trajectory calculation results presented herein may be thought of as a simple 
open-loop trajectory model for an NEO intercept mission design study. Within the assumptions and limita- 
tions of our analysis framework, we find that current silo-launched booster vehicles have sufficient burnout 
velocities to deliver a payload to intercept a NEO approaching Earth impact, when the NEO is is very near 
Earth. Also, the performance of a modified ICBM could easily be improved by carrying a smaller payload 
for NEO interception and disruption than the larger warhead it was originally designed to carry. Such a 
system could serve as a last-minute defense tier. We again emphasize that if more warning time than sev- 
eral hours is provided (e.g., >1 week), then an interplanetary (i.e., far from Earth) intercept/fragmentation 
becomes feasible, but will require an interplanetary launch vehicle. While this paper is limited in scope 
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and represents a preliminary examination of the problem, it lays the foundation for any further researeh and 
development that may be performed. Perhaps most importantly, the results in this paper demonstrate that, in 
prineiple, preparing for and exeeuting Planetary Defense missions need not be prohibitively expensive (i.e., 
some existing hardware may be direetly applieable). 

When a hazardous NEO on a eollision eourse with Earth is diseovered we will not have the luxury of 
designing, testing, and refining our systems and plans. We will need to be fully prepared at that time to 
take effeetive aetion on relatively short notiee with a high probability of sueeeeding on the first try, beeause 
we may not have a seeond ehanee. That level of adeptness and preparedness ean only be aehieved through 
proper design and testing of systems now, so that we are comfortable with carrying out planetary defense 
test and practice missions well before we need to deploy such a mission in response to an actual threat. 
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